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SINTERED ANODE PELLET TREATED WITH
A SURFACTANT FOR USE IN AN
ELECTROLYTIC CAPACITOR

BACKGROUND OF THE INVENTION

Electrolytic capacitors are often formed from valve action
materials that are capable of being oxidized to form a dielec-
tric layer. Typical valve action metals are niobium and tanta-
lum. More recently, capacitors have been developed that
employ an anode made from an electrically conductive oxide
of niobtum and a niobium pentoxide dielectric. Niobium
ox1ide based capacitors have significant advantages over tan-
talum capacitors. For example, niobium oxide 1s more widely
available and potentially less expensive to process than tan-
talum. Niobium oxide capacitors are also more stable against
turther oxidation and thus less prone to thermal runaway
when over-voltaged (or otherwise over-loaded) than tantalum
and niobium. Further, niobium oxide has several orders of
magnitude higher minimum 1gnition energy compared to nio-
bium and tantalum. Niobium oxide capacitors may also have
a unique high resistance failure mechanism that limits the
leakage current to a level below the capacitor’s thermal run-
away point. The dielectric layer of these capacitors 1s mostly
prepared by valve metal or NbO oxidation. The anodic oxi-
dation at appropnate voltage has made valve metals oxides
and may be performed by water electrolysis with oxygen
generation. However, problems often arise due to the hydro-
phobicity of the oxides on the anode surface, which tend to
repel water and create clusters. This may give rise to anodi-
cally grown dielectric films having an mmhomogeneous and
rough surface, which can lead to leakage current instability at
accelerated temperature and voltage load.

As such, a need currently exists for an electrolytic capaci-
tor anode having a reduced number of defects in the dielectric
layer.

SUMMARY OF THE INVENTION

In accordance with one embodiment of the present mven-
tion, a method for forming an electrolytic capacitor anode 1s
disclosed. The method comprises compacting a powder that
contains a valve metal composition ito a pressed pellet;
sintering the pressed pellet to form an anode body; and anodi-
cally oxidizing the anode body in the presence of an electro-
lyte to form a dielectric layer. The electrolyte comprises an
aqueous solvent and surfactant. The surfactant 1s anionic or
nonionic and constitutes from about 0.01 wt. % to about 20
wt. % of the electrolyte.

Other features and aspects of the present invention are set
forth 1n greater detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

A 1full and enabling disclosure of the present invention,
including the best mode thereot, directed to one of ordinary
skill 1n the art, 1s set forth more particularly in the remainder
ol the specification, which makes reference to the appended
figures 1n which:

FIG. 1 1s a perspective view of one embodiment of an
clectrolytic capacitor of the present invention;

FIG. 2 1s a cross-sectional view of the capacitor of FIG. 1;

FI1G. 3 1s a schematic illustration of one embodiment of the
present invention for laser welding a capacitor to an anode
termination;

FI1G. 4 1s a cross-sectional view of a laser welded capacitor
formed 1n accordance with one embodiment of the present
invention;
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FIG. § 1s a graphical depiction of the leakage currently
stability achieved for the samples of Example 1;

FIG. 6 1s a graphical depiction of the leakage currently
stability achieved for the samples of Example 2;

FIG. 7 1s a graphical depiction of the leakage currently
stability achieved for the samples of Example 3;

FIG. 8 1s a graphical depiction of the leakage currently
stability achieved for the samples of Example 4; and

FIG. 9 1s a graphical depiction of the leakage currently
stability achieved for the samples of Example 5.

Repeat use of references characters 1n the present specifi-
cation and drawings 1s intended to represent same or analo-
gous features or elements of the invention.

DETAILED DESCRIPTION OF
REPRESENTATIVE EMBODIMENTS

It 1s to be understood by one of ordinary skill in the art that
the present discussion 1s a description of exemplary embodi-
ments only, and 1s not intended as limiting the broader aspects
ol the present invention, which broader aspects are embodied
in the exemplary construction.

Generally speaking, the present invention 1s directed to an
clectrolytic capacitor anode treated with a surfactant during
anodic oxidation. Without intending to be limited by theory, 1t
1s believed that the surfactant may lower the surface tension of
an electrolyte, which inhibits the clustering of grown oxides
and allows the dielectric layer to become more homogeneous
and uniformly spread over the anode body. The resulting
dielectric layer may thus have a substantially homogeneous
thickness, smooth surface, and improved leakage current sta-
bility.

The surfactant of the present invention may be ionic or
nonionic in nature. Anionic surfactants, for instance, may be
employed 1n the present mvention, such as alkyl sulfates,
alkyl aryl sulfates, alkyl ether sulfates, alkyl ether sulfonates,
alkyl sulfonic acids, sulfate esters of an alkylphenoxy poly-
oxyethylene ethanol, a-olefin sulfonates, -alkoxy alkane
sulfonates, alkylauryl sulfonates, alkyl monoglyceride sul-
fates, alkyl monoglyceride sulfonates, alkyl carbonates, alkyl
cther carboxylates, fatty acids, sulfonic acids, sulfosucci-
nates, sarcosinates, octoxynol or nonoxynol phosphates, tau-
rates, fatty taurides, fatty acid amide polyoxyethylene sul-
fates, 1sethionates, derivatives and/or salts thereot, as well as
mixtures of the foregoing. Particular examples of amionic
surfactants include, but are not limited to, Ci-C, 4 alkyl sul-
fates, Cq-C, ¢ fatty acid salts, C4-C, 4 alkyl ether sulfates hav-
ing one or two moles of ethoxylation, Ci-C,, alkamine
oxides, Cg,-C,, alkoyl sarcosinates, Cq-C, ., sulfoacetates,
C4-C, ¢ sulfosuccinates, C4-C,  alkyl diphenyl oxide disul-
fonates, C4-C,, alkyl carbonates, C4-C, , alpha-olefin sul-
fonates, methyl ester sulfonates, and blends thereoi. The
Cq-C, . alkyl group may be straight chain (e.g., lauryl) or
branched (e.g., 2-ethylhexyl). The cation of the anionic sur-
factant may be a proton, alkali metal (e.g., sodium or potas-
stum), ammonium, C, -C, alkylammonium (e.g., mono-, di-,
tri-), or C, -C; alkanolammonium (e.g., mono-, di-, tr1). More
specifically, such anionic surfactants may include, but are not
limited to, lauryl sulfates, octyl sulfates, 2-ethylhexyl sul-
fates, lauramine oxide, decyl sulfates, tridecyl suliates,
cocoates, lauroyl sarcosinates, lauryl sulfosuccinates, linear
C,, diphenyl oxide disulifonates, lauryl sulfosuccinates, lau-
ryl ether sulfates (1 and 2 moles ethylene oxide), myristyl
sulfates, oleates, stearates, tallates, ricinoleates, cetyl sul-
fates, and similar surfactants.

In some cases, conductivity and/or supporting electrolytes
are used for appropriate anodic oxidation. In such instances,
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it may be desired that the surfactant 1s nonionic 1n nature to
mimmize the influence of the surfactant on the charge of the
clectrolyte. Examples of suitable nonionic surfactants
include ethoxylated alkylphenols, ethoxylated and propoxy-
lated fatty alcohols, ethylene oxide-propylene oxide block
copolymers, ethoxylated esters of fatty (Cq-C, <) acids, con-
densation products of ethylene oxide with long chain amines
or amides, condensation products of ethylene oxide with
alcohols, acetylenic diols, and mixtures thereotf. Various spe-
cific examples of suitable nomionic surfactants include, but
are not limited to, methyl gluceth-10, PEG-20 methyl glucose
distearate, PEG-20 methyl glucose sesquistearate, C,,_; -
pareth-20, ceteth-8, ceteth-12, dodoxynol-12, laureth-15,

PEG-20 castor o1l, polysorbate 20, steareth-20, polyoxyeth-
ylene-10 cetyl ether, polyoxyethylene-10 stearyl ether, poly-
oxyethylene-20 cetyl ether, polyoxyethylene-10 oleyl ether,

polyoxyethylene-20 oleyl ether, an ethoxylated nonylphenol,

cthoxylated octylphenol, ethoxylated dodecylphenol, or
cthoxylated fatty (C,-C,) alcohol, including 3 to 20 ethylene
oxide moieties, polyoxyethylene-20 1sohexadecyl -ether,
polyoxyethylene-23 glycerol laurate, polyoxyethylene-20
glyceryl stearate, PPG-10 methyl glucose ether, PPG-20
methyl glucose ether, polyoxyethylene-20 sorbitan
monoesters, polyoxyethylene-80 castor oil, polyoxyethyl-
ene-15 tridecyl ether, polyoxyethylene-6 tridecyl ether, lau-
reth-2, laureth-3, laureth-4, PEG-3 castor oil, PEG 600
dioleate, PEG 400 dioleate, and mixtures thereof. Commer-
cially available nonionic surfactants may include the SUR-
FYNOL® range of acetylenic diol surfactants available from
Air Products and Chemicals of Allentown, Pa.; the TWEEN®
range of polyoxyethylene surfactants avallable from Fisher
Scientific of Pittsburgh, Pa.; and the TRITON® range of
polyoxyethylene surfactants (e.g., TRITON® X-100, poly-
oxyethylene-10 1sooctylcyclohexyl ether) available from
Sigma-Aldrich Chemical Co. of St. Louis, Mo.

Polymeric nonionic surfactants may also be employed in
certain embodiments that are soluble in the electrolyte.
Examples of such polymers include, for instance, sodium,
potassium and calcium alginates, carboxymethylcellulose,
agar, gelatin, polyvinyl alcohol, collagen, pectin, chitin, chi-
tosan, poly(a-amino acids), polyester, poly-1-caprolactone,
polyvinylpyrrolidone, polyethylene glycol, polyethylene
oxide, polyvinyl alcohol, polyether, polysaccharide, polyure-
thane, polyhydroxyacrylate, polymethacrylate, dextran, xan-
than, hydroxypropyl cellulose, methyl cellulose, and
homopolymers and copolymers of N-vinylpyrrolidone, N-vi-
nyllactam, N-vinyl butyrolactam, N-vinyl caprolactam, other
vinyl compounds having polar pendant groups, acrylate and
methacrylate having hydrophilic  esterifying groups,
hydroxyacrylate, acrylic acid, and combinations thereof.

The anode 1s generally formed from a powder having a
specific charge of about 25,000 microFarads™*Volts per gram
(“uF*V/g”) or more, 1n some embodiments about 40,000
uwE*V/g or more, 1n some embodiments about 60,000 uF*V/g
or more, and 1n some embodiments, from about 80,000 to
about 2000,000 uF*V/g or more. The powder contains a
valve-metal composition that includes a valve metal (1.e.,
metal that 1s capable of oxidation) or valve metal-based com-
pound, such as tantalum, niobium, aluminum, hainium, tita-
nium, alloys thereot, oxides thereof, nitrides thereof, and so
torth. For example, the valve metal composition may contain
an electrically conductive oxide of niobium, such as niobium
oxide having an atomic ratio of niobium to oxygen of
1:1.0%£1.0, 1n some embodiments 1:1.0+0.3, in some embodi-
ments 1:1.0+0.1, and 1n some embodiments, 1:1.0+0.05. For
example, the niobium oxide may be NbO, -, NbO, 5, NbO, ,,
and NbQO,. In a preferred embodiment, the composition con-
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tains NbQ), ,, which 1s a conductive niobium oxide that may
remain chemically stable even after sintering at high tempera-
tures. Examples of such valve metal oxides are described in
U.S. Pat. No. 6,322,912 to Fife; U.S. Pat. No. 6,391,275 to
Fife et al.; U.S. Pat. No. 6,416,730 to Fife et al.; U.S. Pat. No.
6,527,937 to Fite; U.S. Pat. No. 6,576,099 to Kimmel, et al.;
U.S. Pat. No. 6,592,740 to Fite, et al.; and U.S. Pat. No.
6,639,787 to Kimmel, et al.; and U.S. Pat. No. 7,220,397 to
Kimmel, al., as well as U.S. Patent Application Publication
Nos. 2005/0019581 to Schnitter; 2005/0103638 to Schnitter,
et al.; 2005/00137765 to Thomas, et al., all of which are incor-
porated herein 1n their entirety by reference thereto for all
purposes.

The particles used to form the powder may possess any
desired shape or size. For example, the particles may be
flaked, angular, nodular, and mixtures or variations thereof.
The particles also typically have a screen size distribution of
at least about 60 mesh, in some embodiments from about 60
to about 325 mesh, and 1n some embodiments, from about 100
to about 200 mesh. Further, the spec1ﬁc surface area 1s from
about 0.1 to about 10.0 mz/ g 1n some embodiments from
about 0.5 to about 5.0 m*/g, and in some embodiments, from
about 1.0 to about 2.0 m*/g. The term “specific surface area”
refers to the surface area determined by the physical gas
adsorption (B.E.T.) method of Bruanauer, Emmet, and Teller,
Journal of American Chemical Society, Vol. 60, 1938, p. 309,
with nitrogen as the adsorption gas. Likewise, the bulk (or
Scott) density 1s typically from about 0.1 to about 5.0 grams
per cubic centimeter (g/cm’), in some embodiments from
about 0.2 to about 2.5 g/cm’, and in some embodiments, from
about 0.5 to about 1.5 g/cm”.

To facilitate formation of the anode, other components may
be added to the electrically conductive particles. For example,
the electrically conductive particles may be optionally mixed
with a binder and/or lubricant to ensure that the particles
adequately adhere to each other when pressed to form the
anode body. Suitable binders may include camphor, stearic
and other soapy fatty acids, Carbowax (Union Carbide),
Glyptal (General Electric), polyvinyl alcohols, napthaline,
vegetable wax, and microwaxes (purified paraifins). The
binder may be dissolved and dispersed in a solvent. Exem-
plary solvents may include water, alcohols, and so forth.
When utilized, the percentage of binders and/or lubricants
may vary from about 0.1% to about 8% by weight of the total
mass. It should be understood, however, that binders and
lubricants are not required 1n the present invention.

Once formed, the resulting powder 1s compacted using any
conventional powder press mold. For example, the press mold
may be a single station compaction press using a die and one
or multiple punches. Alternatively, anvil-type compaction
press molds may be used that use only a die and single lower
punch. Single station compaction press molds are available in
several basic types, such as cam, toggle/knuckle and eccen-
tric/crank presses with varying capabilities, such as single
action, double action, floating die, movable platen, opposed
ram, screw, impact, hot pressing, coining or sizing. The pow-
der may be compacted around an anode wire (e.g., tantalum
wire). It should be further appreciated that the anode wire
may alternatively be attached (e.g., welded) to the anode body
subsequent to pressing and/or sintering of the anode body.
After compression, any binder/lubricant may be removed by
heating the pellet under vacuum at a certain temperature (e.g.,
from about 150° C. to about 500° C.) for several minutes.
Alternatively, the binder/lubricant may also be removed by
contacting the pellet with an aqueous solution, such as
described 1n U.S. Pat. No. 6,197,252 to Bishop, et al., which

1s incorporated herein 1n 1ts entirety by reference thereto for




US 7,760,488 B2

S

all purposes. Thereafter, the pellet 1s sintered to form a
porous, itegral mass. For example, in one embodiment, the
pellet may be sintered at a temperature of from about 1200° C.
to about 2000° C., and 1n some embodiments, from about
1500° C. to about 1800° C. under vacuum. Upon sintering, the
pellet shrinks due to the growth of bonds between the par-
ticles. In addition to the techmiques described above, any
other technique for forming the anode body may also be
utilized 1n accordance with the present invention, such as

described 1n U.S. Pat. No. 4,085,435 to Galvagni; U.S. Pat.
No. 4,945,452 to Sturmer, et al.; U.S. Pat. No. 5,198,968 to
Galvagni; U.S. Pat. No. 5,357,399 to Salisbury; U.S. Pat. No.
5,394,295 to Galvagni, et al.; U.S. Pat. No. 5,495,386 to
Kulkarni; and U.S. Pat. No. 6,322,912 to Fife, which are

incorporated herein 1n their entirety by reference thereto for
all purposes.

Although not required, the thickness of the anode may be
selected to improve the electrical performance of the capaci-
tor. For example, the thickness of the anode may be about 4
millimeters or less, in some embodiments, from about 0.2 to
about 3 millimeters, and 1n some embodiments, from about
0.4 to about 1 millimeter. The shape of the anode may also be
selected to improve the electrical properties of the resulting
capacitor. For example, the anode may have a shape that 1s
curved, sinusoidal, rectangular, U-shaped, V-shaped, etc. The
anode may also have a “fluted” shape 1n that 1t contains one or
more furrows, grooves, depressions, or indentations to
increase the surface to volume ratio to minimize ESR and
extend the frequency response of the capacitance. Such
“fluted” anodes are described, for instance, in U.S. Pat. No.

6,191,936 to Webber, et al.; U.S. Pat. No. 5,949,639 to
Maeda, et al.; and U.S. Pat. No. 3,345,545 to Bourgault et al.,
as well as U.S. Patent Application Publication No. 2005/
0270725 to Hahn, et al., all of which are incorporated herein
in their entirety by reference thereto for all purposes.

Once formed, the anode may be anodized so that a dielec-
tric layer 1s formed over and/or within the anode. Anodization
1s an electrochemical process by which the anode 1s oxidized
to form a material having a relatively high dielectric constant.
For example, a niobium oxide (NbO) anode may be anodized
to niobium pentoxide (Nb,O.). Typically, anodization 1s per-
formed by imtially applying an electrolyte to the anode, such
as by dipping anode into the electrolyte. The electrolyte 1s
generally 1n the form of a liquid, such as a solution (e.g.,
aqueous or non-aqueous), dispersion, melt, etc. A solvent 1s
generally employed 1n the electrolyte, such as water (e.g.,
deiomized water); ethers (e.g., diethyl ether and tetrahydrofu-
ran); alcohols (e.g., methanol, ethanol, n-propanol, 1sopro-
panol, and butanol); triglycerides; ketones (e.g., acetone,
methyl ethyl ketone, and methyl 1sobutyl ketone); esters (e.g.,
cthyl acetate, butyl acetate, diethylene glycol ether acetate,
and methoxypropyl acetate); amides (e.g., dimethylforma-
mide, dimethylacetamide, dimethylcaprylic/capric fatty acid
amide and N-alkylpyrrolidones); nitriles (e.g., acetonitrile,
propionitrile, butyronitrile and benzonitrile); sulfoxides or
sulfones (e.g., dimethyl sulfoxide (DMSO) and suliolane);
and so forth. The solvent may constitute from about 1 wt. %
to about 99.9 wt. %, 1n some embodiments from about 20 wt.
% to about 99 wt. %, and 1n some embodiments, from about
40 wt. % to about 95 wt. % of the electrolyte. Although not
necessarily required, the use of an aqueous solvent (e.g.,
water) 1s often desired to facilitate formation of an oxide. In
fact, water may constitute about 1 wt. % or more, 1n some
embodiments about 10 wt. % or more, 1n some embodiments
about 50 wt. % or more, 1n some embodiments about 70 wt. %
or more, and 1n some embodiments, about 90 wt. % to 100 wt.
% of the solvent(s) used 1n the electrolyte.
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The electrolyte 1s electrically conductive and may have an
clectrical conductivity of about 1 milliSiemens per centime-
ter (“mS/cm”) or more, 1 some embodiments about 30
mS/cm or more, and 1in some embodiments, from about 40
mS/cm to about 100 mS/cm, determined at a temperature of
25° C. To enhance the electrical conductivity of the electro-
lyte, a supporting electrolyte may be employed. Suitable
ionic compounds for this purpose may include, for instance,
acids, such as hydrochloric acid, nitric acid, sulfuric acid,
phosphoric acid, polyphosphoric acid, boric acid, boronic
acid, etc.; organic acids, including carboxylic acids, such as
acrylic acid, methacrylic acid, malonic acid, succinic acid,
salicylic acid, sulfosalicylic acid, adipic acid, maleic acid,
malic acid, oleic acid, gallic acid, tartaric acid, citric acid,
formic acid, acetic acid, glycolic acid, oxalic acid, propionic
acid, phthalic acid, 1sophthalic acid, glutaric acid, gluconic
acid, lactic acid, aspartic acid, glutaminic acid, 1taconic acid,
trifluoroacetic acid, barbituric acid, cinnamic acid, benzoic
acid, 4-hydroxybenzoic acid, aminobenzoic acid, etc.; sul-
fonic acids, such as methanesulfonic acid, benzenesulfonic
acid, toluenesulfonic acid, trifluoromethanesulfonic acid,
styrenesulfonic acid, naphthalene disulfonic acid, hydroxy-
benzenesulfonic acid, dodecylsulfonic acid, dodecylbenze-
nesulfonic acid, etc.; polymeric acids, such as poly(acrylic) or
poly(methacrylic)acid and copolymers thereot (e.g., maleic-
acrylic, sulfonic-acrylic, and styrene-acrylic copolymers),
carageenic acid, carboxymethyl cellulose, alginic acid, etc.;
and so forth. The concentration of 1onic compounds 1is
selected to achieve the desired electrical conductivity. For
example, an acid (e.g., phosphoric acid) may constitute from
about 0.01 wt. % to about 50 wt. %, 1n some embodiments
from about 0.05 wt. % to about 20 wt. %, and 1n some
embodiments, from about 0.1 wt. % to about 10 wt. % of the
clectrolyte. If desired, blends of 1onic compounds may also be
employed 1n the electrolyte.

The surfactant of the present invention 1s also present in the
clectrolyte to ensure that it 1s able to adequately reduce 1ts
surface tension and thereby increase the homogeneity of the
resulting dielectric layer. When 1incorporated into the electro-
lyte, the surfactant 1s typically present 1n an amount of from

il

about 0.01 to about 20 wt. %, 1n some embodiments from
about 0.1 to about 10 wt. %, and 1n some embodiments, from
about 0.5 to about 5 wt. % of the electrolyte. Of course, 1t
should be understood that other techmiques may also be
employed for oxidation to create the dielectric layer.

A current 1s passed through the electrolyte to form the
dielectric layer. The value of voltage manages the passed
charge (current multiplied by time) and thereby the thickness
of the dielectric layer. For example, the power supply may be
initially set up at a galvanostatic mode until the required
voltage 1s reached. Thereaiter, the power supply may be
switched to a potentiostatic mode to ensure that the desired
dielectric thickness 1s formed over the surface of the anode.
Of course, other known methods may also be employed, such
as pulse methods. The voltage typically ranges from about 4
to about 200 V, and 1n some embodiments, from about 9 to
about 100 V. During anodic oxidation, the electrolyte can be
kept at an elevated temperature, such as about 30° C. or more,
in some embodiments from about 40° C. to about 200° C., and
in some embodiments, from about 50° C. to about 100° C.
Anodic oxidation can also be done at ambient temperature or
lower. The resulting dielectric layer may be synthesized on a
surface of the anode and/or within 1ts pores.

Once the dielectric layer 1s formed, a protective coating
may optionally be applied, such as one made of a relatively
insulative resinous material (natural or synthetic). Such mate-

rials may have a specific resistivity of greater than about 0.05
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ohm-cm, 1n some embodiments greater than about 5, 1n some
embodiments greater than about 1,000 ochm-cm, 1n some
embodiments greater than about 1x10> ohm-cm, and in some
embodiments, greater than about 1x10'° ohm-cm. Some res-
inous materials that may be utilized in the present invention
include, but are not limited to, polyurethane, polystyrene,
esters ol unsaturated or saturated fatty acids (e.g., glycerides),
and so forth. For instance, suitable esters of fatty acids
include, but are not limited to, esters of lauric acid, myristic
acid, palmitic acid, stearic acid, eleostearic acid, oleic acid,
linoleic acid, linolenic acid, aleuritic acid, shellolic acid, and
so forth. These esters of fatty acids have been found particu-
larly useful when used in relatively complex combinations to
form a “drying 011, which allows the resulting film to rapidly
polymerize into a stable layer. Such drying oils may include
mono-, di-, and/or tri-glycerides, which have a glycerol back-
bone with one, two, and three, respectively, fatty acyl residues
that are esterified. For instance, some suitable drying oils that
may be used include, but are not limited to, olive o1l, linseed
o1l, castor oil, tung oil, soybean o1l, and shellac. These and
other protective coating materials are described in more detail
U.S. Pat. No. 6,674,635 to Fife, et al., which 1s incorporated
herein 1n 1ts entirety by reference thereto for all purposes.
The anodized part 1s thereafter subjected to a step for
tforming cathodes according to conventional techniques. In
some embodiments, for example, the cathode 1s formed by
various technmiques, such as pyrolytic decomposition of man-
ganese nitrate (Mn(NO,),) to form a manganese dioxide
(MnQO,) cathode. Such techniques are described, for instance,
in U.S. Pat. No. 4,945,452 to Sturmer, et al., which 1s incor-
porated herein 1n 1ts entirety by reference thereto for all pur-
poses. Alternatively, a conductive polymer coating may be
used to form the cathode of the capacitor. The conductive
polymer coating may contain one or more polyheterocycles
(e.g., polypyrroles; polythiophenes, poly(3,4-ethylenediox-
ythiophene) (PEDT); polyanilines); polyacetylenes; poly-p-
phenylenes; polyphenolates; and derivatives thereof. More-
over, 1f desired, the conductive polymer coating may also be
formed from multiple conductive polymer layers. For
example, 1n one embodiment, the conductive polymer coating
may contain one layer formed from PEDT and another layer
formed from a polypyrrole. Various methods may be utilized
to apply the conductive polymer coating onto the anode part.
For instance, conventional techmques such as electropoly-
merization, screen-printing, dipping, electrophoretic coating,
and spraying, may be used to form a conductive polymer
coating. In one embodiment, for example, the monomer(s)
used to form the conductive polymer (e.g., 3,4-ethylenediox-
ythiophene) may initially be mixed with a polymerization
catalyst to form a solution. For example, one suitable poly-
merization catalyst 1s BAYTRON C, which 1s 1ron III tolu-
enesulfonate and sold by H.C. Starck. BAYTRON C 1s a
commercially available catalyst for BAYTRON M, which 1s
3.4-ethylenedioxythiophene, a PEDT monomer also sold by
H.C. Starck. Once a catalyst dispersion 1s formed, the anode
part may then be dipped 1nto the dispersion so that the poly-
mer forms on the surface of the anode part. Alternatively, the
catalyst and monomer(s) may also be applied separately to
the anode part. In one embodiment, for example, the catalyst
may be dissolved in a solvent (e.g., butanol) and then applied
to the anode part as a dipping solution. The anode part may
then be dried to remove the solvent therefrom. Thereafter, the
anode part may be dipped into a solution containing the
appropriate monomer. Once the monomer contacts the sur-
face of the anode part containing the catalyst, it chemically
polymerizes thereon. In addition, the catalyst (e.g., BAY-
TRON C)may also be mixed with the material(s) used to form
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the optional protective coating (e.g., resinous materials). In
such 1nstances, the anode part may then be dipped into a
solution containing the monomer (BAYTRON M). As a
result, the monomer can contact the catalyst within and/or on
the surface of the protective coating and react therewith to
form the conductive polymer coating. Although various
methods have been described above, 1t should be understood
that any other method for applying the conductive coating(s)
to the anode part may also be utilized 1n the present invention.
For example, other methods for applying such conductive

polymer coating(s) may be described 1n U.S. Pat. No. 5,457,
862 to Sakata, et al., U.S. Pat. No. 5,473,503 to Sakata, et al.,

U.S. Pat. No. 5,729,428 to Sakata, et al., and U.S. Pat. No.
5,812,367 to Kudoh, et al., which are incorporated herein 1n
their entirety by reference thereto for all purposes.

In most embodiments, once applied, the conductive poly-
mer 1s healed. Healing may occur after each application of a
conductive polymer layer or may occur after the application
of the entire conductive polymer coating. In some embodi-
ments, for example, the conductive polymer may be healed by
dipping the pellet into an electrolyte solution, such as a solu-
tion of phosphoric acid and/or sulfuric acid, and thereafter
applying a constant voltage to the solution until the current 1s
reduced to a preselected level. If desired, such healing may be
accomplished 1n multiple steps. For instance, in one embodi-
ment, a pellet having a conductive polymer coating 1s first
dipped 1 phosphoric acid and applied with about 20 volts and
then dipped 1n sulturic acid and applied with about 2 volts. In
this embodiment, the use of the second low voltage sulfuric
acid solution or toluenesulphonic acid can help increase
capacitance and reduce the dissipation factor (DF) of the
resulting capacitor. After application of some or all of the
layers described above, the pellet may then be washed 1f
desired to remove various byproducts, excess catalysts, and
so forth. Further, 1n some instances, drying may be utilized
alter some or all of the dipping operations described above.
For example, drying may be desired after applying the cata-
lyst and/or after washing the pellet 1n order to open the pores
of the pellet so that 1t can receive a liquid during subsequent
dipping steps.

Once the cathode 1s formed, the part may optionally be
applied with a carbon layer (e.g., graphite) and silver laver,
respectively. The silver coating may, for instance, act as a
solderable conductor, contact layer, and/or charge collector
for the capacitor element and the carbon coating may limait
contact of the silver coating with the solid electrolyte. Such
coatings may cover some or all of the solid electrolyte.

The resulting capacitor element may then be terminated
using techniques known in the art. Referrning to FIGS. 1-2, for
example, one embodiment of a capacitor element 30 1s shown
that has a generally rectangular shape and contains a front
surface 36, rear surface 38, top and bottom surfaces 37 and 39,
respectively, and side surfaces 32 (only one of which 1s 1llus-
trated). An anode wire 34 extends from the front surface 36 of
the capacitor element 30 1n a longitudinal direction (*y”
direction). As further shown 1n FIG. 2, the capacitor element
30 contains an anode body 50, a dielectric layer 52 overlying
the anode body 50, a solid electrolyte layer 54 overlying the
dielectric layer 52, a graphite layer 56 overlying the organic
solid electrolyte layer 54, and a silver layer 58 overlying the
graphite layer 56. Of course, 1t should be understood that such
layers may be applied to any surface o the capacitor, and need
not be applied in the manner 1llustrated.

Upon formation of the capacitor element 30, anode and
cathode termination may be electrically connected to the
anode wire 34 and the solid electrolyte layer 54 (via the
graphite and silver layers), respectively. The specific configu-
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ration of the terminations may vary as 1s well known 1n the art.
Referring to FIG. 3, for example, one embodiment 1s shown
that includes an anode termination 70 and a cathode termina-
tion 80. In this particular embodiment, the cathode termina-
tion contains a first portion 82 positioned substantially per-
pendicular to a second portion 84. The first portion 82 1s in
clectrical contact with the lower surface 39 of the capacitor
clement 30 and the second portion 84 1s 1n electrical contact
with the rear surface 38 of the capacitor element 30. To attach
the capacitor element 30 to the cathode termination 80, a
conductive adhesive may be employed as 1s known in the art.
The conductive adhesive may include, for mstance, conduc-
tive metal particles contained with a resin composition. The
metal particles may be silver, copper, gold, platinum, nickel,
zinc, bismuth, etc. The resin composition may include a ther-
moset resin (e.g., epoxy resin), curing agent (e.g., acid anhy-
dride), and coupling agent (e.g., silane coupling agents). Suit-
able conductive adhesives are described in U.S. Patent
Application Publication No. 2006/0038304 to Osako, et al.,
which 1s incorporated herein in its entirety by reference
thereto for all purposes.

The anode termination 70 contains a first portion 76 posi-
tioned substantially perpendicular to a second portion 74. The
second portion 74 contains a region that carries the anode
wire 34. In the 1llustrated embodiment, the region 351 pos-
sesses a “U-shape” for further enhancing surface contact and
mechanical stability of the wire 34. The anode wire 34 1s then
welded to the region 31 with a laser 90. Once the capacitor
element 1s attached to the terminations, 1t 1s enclosed within a
resin casing, which may then be filled with silica-contaiming
resin or any other known encapsulating material. The width
and length of the case may vary depending on the intended
application. However, the overall thickness of the casing i1s
typically small so that the resultant assembly may be readily
incorporated into low profile products (e.g., “IC cards”). For
example, the thickness of the casing may range from about
4.0 millimeters or less, 1n some embodiments, from about 0.1
to about 2.5 millimeters, and in some embodiments, from
about 0.15 to about 2.0 millimeters. Suitable casings may
include, for instance, “A”, “B”, “H”, or “I” cases (AVX
Corporation). Retferring to FIG. 4, for example, one particular
embodiment of such an encapsulating case for a capacitor
assembly 100 1s shown as element 88. The encapsulating case
88 provides additional structural and thermal protection for
the capacitor assembly 100. After encapsulation, exposed
portions of the respective anode and cathode terminations
may be aged, screened, and trimmed. If desired, the exposed
portions may be optionally bent twice along the outside of the
casing 88 (e.g., at an approximately 90° angle).

As a result of the present 1invention, a capacitor may be
formed that exhibits excellent electrical properties. For
example, the capacitor of the present invention typically has
an ESR less than about 1000 millichms (mohms), 1n some
embodiments less than about 500 mohms, and 1n some
embodiments, less than about 100 mohms. The equivalent
series resistance of a capacitor generally refers to the extent
that the capacitor acts like a resistor when charging and dis-
charging 1n an electronic circuit and 1s usually expressed as a
resistance 1n series with the capacitor. In addition, the result-
ing leakage current, which generally refers to the current
flowing from one conductor to an adjacent conductor through
an 1nsulator, can be maintained at relatively low levels. For
example, the numerical value of the normalized leakage cur-
rent of a capacitor of the present invention 1s, 1n some embodi-
ments, less than about 0.1 pA/uF*V, 1n some embodiments
less than about 0.01 pA/uF*V, and 1n some embodiments, less
than about 0.001 yA/uF*V, wherein uA 1s microamps and
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uF*V 1s the product of the capacitance and the rated voltage.
Likewise, the breakdown voltage of the capacitor of the
present mvention may be at least about 10 volts, 1n some
embodiments at least about 15 volts, 1n some embodiments at
least about 20 volts, and in some embodiments, from about 20
volts to about 100 volts.

The present mnvention may be better understood by refer-
ence to the following examples.

Test Procedures

Reflow/Pressure Cooker/Reflow Stability

To test the current stability at high temperatures, the anodes
were heated according to a reflow temperature profile (pre-
heat at a max of 180° C., peak of 250° C. to 255° C., and a
reflow gradient of 3.75 to 4.25° C. per second) using the
reflow oven Heller and 1n a pressure cooker (120° C., 100%
humidity). More specifically, the anodes were first heated
according to the retlow profile, then heated 1n the pressure
cooker for 2 hours, and finally heated according to the retlow
profile once again. The leakage current was measured using
power supply Hewlett Packard H P6634 A and MC1357 Leak-
age test set made by Mantracourt Electronics LTD, UK,

betore and after the whole procedure at ambient temperature
25° C. after 20 seconds.

EXAMPLE 1

80,000 uFV/g niobium oxide powder (HC Starck) was
pressed into pellets and sintered to form a porous electrode
body. Anodic oxidation was then carried out 1n an aqueous
solution containing phosphoric acid or alkyl aryl sulfonic
acid as a supporting electrolyte and phosphoric acid with 1%
polyethylene glycol at ambient temperature. The anodic oxi-
dation was done first galvanostatically to the desired voltage
and than potentiostatically. The conductivity of the electro-
lyte with supporting electrolyte was 4.5 mS/cm. The voltage
was chosen to obtain a targeted capacitance of 100 uF. After
anodic oxidation, the pellets were coated with a manganese
dioxide layer, a graphite coating and a silver coating. The
fimshed parts were completed by conventional assembly
technology to the B case (EIA 3528). The retlow/pressure
cooker/retlow DCL stability was then tested. The results are
shown 1n FIG. §.

EXAMPLE 2

80,000 uFV/g niobium oxide powder (HC Starck) was
pressed into pellets and sintered to form a porous electrode
body. Anodic oxidation was then carried out 1n an aqueous
solution containing alkyl aryl sulfonic acid as a supporting
clectrolyte at different temperatures. After anodic oxidation,
the pellets were coated with a manganese dioxide layer, a
graphite coating, and a silver coating. The finished parts were
completed by conventional assembly technology to the B
case (EIA 3528). The anodes were then heated and tested as
described 1n Example 1. The results are shown in FIG. 6.

EXAMPLE 3

80,000 uFV/g niobium oxide powder (HC Starck) was
pressed into pellets and sintered to form a porous electrode
body. Anodic oxidation was then carried out in an solution
containing alkyl aryl sulfonic acid as a supporting electrolyte
at ambient temperature in different solvents. After anodic
oxidation, the pellets were coated with a manganese dioxide
layer, a graphite coating and a silver coating. The finished
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parts were completed by conventional assembly technology
to the B case (EIA 3528). The anodes were then heated and
tested as described 1n Example 1. The results are shown in
FIG. 7.

EXAMPLE 4

80,000 uFV/g niobium oxide powder (HC Starck) was
pressed 1nto pellets and sintered to form a porous electrode
body. Anodic oxidation was then carried out 1n an aqueous
solution containing different concentration of alkyl aryl sul-
fonic acid as a supporting electrolyte at ambient temperature.
After anodic oxidation, the pellets were coated with a man-
ganese dioxide layer, a graphite coating and a silver coating.
The finished parts were completed by conventional assembly
technology to the B case (EIA 3528). The anodes were then

heated and tested as described 1n Example 1. The results are
shown 1n FIG. 8.

EXAMPLE 5

80,000 uFV/g niobium oxide powder (HC Starck) was
pressed 1nto pellets and sintered to form a porous electrode
body. Anodic oxidation was then carried out 1n an aqueous
solution containing alkyl aryl sulfonic acid as a supporting
clectrolyte and different polyethylene glycol concentrations
at ambient temperature. After anodic oxidation, the pellets
were coated with a manganese dioxide layer, a graphite coat-
ing, and a silver coating. The finished parts were completed
by conventional assembly technology to the B case (EIA
3528). The anodes were then heated and tested as described 1n
Example 1. The results are shown 1n FIG. 9.

These and other modifications and variations of the present
invention may be practiced by those of ordnary skill 1n the
art, without departing from the spirit and scope of the present
invention. In addition, 1t should be understood that aspects of
the various embodiments may be interchanged both in whole
or 1n part. Furthermore, those of ordinary skill 1n the art will
appreciate that the foregoing description 1s by way of
example only, and 1s not intended to limit the mvention so
turther described 1n such appended claims.

What 1s claimed 1s:

1. A method for forming an electrolytic capacitor anode,
the method comprising;:

compacting a powder that contains a valve metal compo-

sition 1nto a pressed pellet, wherein the valve metal
composition contains an electrically conductive oxide of
tantalum or niobium;

sintering the pressed pellet to form an anode body; and

anodizing the anode body in the presence of an electrolyte

to form a dielectric layer, wherein the electrolyte com-
prises a surfactant, wherein the surfactant 1s nonionic or
anmionic and constitutes from about 0.1 wt. % to about 10
wt. % of the electrolyte.

2. The method of claim 1, wherein the surfactant 1s anionic.

3. The method of claim 2, wherein the anionic surfactant 1s
sulfonic acid, a derivative of sulfonic acid, a salt of sultfonic
acid or a denivative of sulfonic acid, or a mixture of the
foregoing.

4. The method of claim 2, wherein the anionic surfactant
includes a lauryl sulfate, octyl sulfate, 2-ethylhexyl sulfate,
lauramine oxide, decyl sulfate, tridecyl sulfate, cocoate, lau-
royl sarcosinate, lauryl sulfosuccinate, linear C,, diphenyl
oxide disulionate, lauryl sulfosuccinate, lauryl ether sulfate,
myristyl sulfate, oleate, stearate, tallate, ricinoleate, cetyl sul-
fate, or a combination thereof.
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5. The method of claim 2, wherein the anionic surfactant
includes an alkyl aryl sulfonic acid.

6. The method of claim 1, wherein the surfactant 1s non-
10nic.

7. The method of claim 6, wherein the nonionic surfactant
includes an ethoxylated alkylphenol, ethoxylated fatty alco-
hol, propoxylated fatty alcohol, ethylene oxide-propylene
oxide block copolymer, ethoxylated esters of fatty (Cy-C, 1)
acid, condensation products of ethylene oxide with long chain
amines or amide, condensation products of ethylene oxide
with alcohol, acetylenic diol, or a combination thereof.

8. The method of claim 1, wherein the surfactant 1s a
polymer.

9. The method of claim 8, wherein the polymer 1s polyeth-
ylene glycol.

10. The method of claim 8, wherein the polymer surfactant
includes an alginate, carboxymethylcellulose, agar, gelatin,
polyvinyl alcohol, collagen, pectin, chitin, chitosan, poly(a.-
amino acid), polyester, poly-1-caprolactone, polyvinylpyr-
rolidone, polyethylene glycol, polyethylene oxide, polyvinyl
alcohol, polyether, polysaccharide, polyurethane, polyhy-
droxyacrylate, polymethacrylate, dextran, xanthan, hydrox-
ypropyl cellulose, methyl cellulose, homopolymer of N-vinyl
pyrrolidone, copolymer of N-vinylpyrrolidone, N-vinyllac-
tam, N-vinyl butyrolactam, N-vinyl caprolactam, vinyl com-
pound having a polar pendant group, acrylate or methacrylate
having a hydrophilic esterifying group, hydroxyacrylate,
acrylic acid, or a combination thereof.

11. The method of claim 8, wherein the polymer surfactant
includes polyethylene glycol.

12. The method of claim 1, wherein the electrolyte further
comprises an acid.

13. The method of claim 12, wherein the acid constitutes
from about 0.01 wt. % to about 50 wt. % of the electrolyte.

14. The method of claim 12, wherein the acid constitutes
from about 0.1 wt. % to about 10 wt. % of the electrolyte.

15. The method of claim 1, wherein the electrolyte com-
prises an aqueous solvent.

16. The method of claim 1, wherein the anode body 1s
formed by compacting a powder to form a pressed pellet and
sintering the pressed pellet.

17. The method of claim 1, wherein the anode body 1s
dipped into the electrolyte.

18. The method of claim 1, wherein the valve metal com-
position contains an oxide of niobium having an atomic ratio
of niobium to oxygen of 1:1.0 £0.3.

19. The method of claim 1, wherein the valve metal com-
position contains an oxide of niobium having an atomic ratio
of niobium to oxygen of 1:1.0 £0.1.

20. A capacitor anode formed according to the method of
claim 1.

21. A solid electrolytic capacitor comprising the capacitor
anode of claim 20, further comprising a solid electrolyte layer
overlying the dielectric layer.

22. The solid electrolytic capacitor of claim 21, further
comprising at least additional layer that overlies the solid
clectrolyte layer, the additional layer including a carbon layer,
silver layer, or a combination thereof.

23. The solid electrolytic capacitor of claim 22, further
comprising an anode lead that extends from the anode body.

24. The solid electrolytic capacitor of claim 23, turther
comprising;

a cathode termination that 1s 1n electrical communication

with the solid electrolyte layer;

an anode termination that 1s in electrical communication

with the anode body; and
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a case that encapsulates the capacitor and leaves at least a 29. The method of claim 1, wherein the powder has a
portion of the anode and cathode terminations exposed. specific charge of about 60,000 microFarads*Volts per gram
25. The solid electrolytic capacitor of claim 21, wherein the OT more.
solid electrolyte layer contains a conductive polymer. 30. The method of claim 1, wherein the surfactant consti-

26. The solid electrolytic capacitor of claim 21, whereinthe 5

solid electrolyte layer contains manganese dioxide.
27. The method of claim 1, wherein the anode body 1s

anodized 1n the presence of a single electrolyte.
28. The method of claim 1, wherein the dielectric layer has

a substantially homogeneous thickness. I

tutes from about 0.5 wt. % to about 5 wt. % of the electrolyte.

31.The solid electrolytic capacitor of claim 21, wherein the
dielectric layer has a substantially homogeneous thickness.
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